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Thecritical field for avalanche breakdownin SiC is about 10x higher than in silicon, so SiC
unipolar powerdevices are theoretically capable of specific on-resistances about 400x lower
than silicon devices. However, the dn-resistance of4H-SiC powerMOSFETSreported to

date has been limited by the resistance ofthe MOSchannel, andnot by the drift region. This
is becauseofthe low electron mobility in SiC inversion layers. Recently it has beenshown
that a post-oxidation anneal in nitric oxide (NO) can significantly reduce the interface state

density in the upper half of the bandgap, with a corresponding improvementin mobility [l]

Todetermine the effect of processing variables on MOSFETmobility in 4H-SiC, wehave
conducted a comprehensiveset of experiments that will be reported here.

Figure I illustrates the matrix of experimental conditions. Theexperiment consists ofthe
following comparisons: (1) S/D implant anneal (1200 Cor 1400C), (2) oxidation procedure
(Auburn or Purdue), (3) post-oxidation anneal (none or NO), (4) gate material (polysilicon or
molybdenum),and (5) ohmic contact anneal (before and after). Nine samplesare reported
here. SamplesA - Fare fabricated on the samep-type epilayer wafer and oxidized at

Auburn, while W- Zare fabricated on a secondp-type epilayer wafer andoxidized at Purdue.

Figure 2showsdrain current vs. gate voltage for eight samples, with andwithout a post-
oxidation anneal in nitric oxide (NO) at 1175 Cfor 120 min. Thepost-oxidation anneal in

NOproduces an order ofmagnitude higher drain current in all samples. Figures 3and4
showfield-effect mobility uFEof samplesoxidized at Auburnwith (B. F) and without (A, E)
the post-oxidation NOanneal. Suffixes (a) and (b) denote these samplesbefore (b) andafter
(a) an 850 Cohnric contact anneal. TheNOanneal produces a dramatic increase in field-

effect mobility. The 1400Cimplant anneal (E, F) does not significantly degrade the mobility

as comparedto the 1200Canneal (A, B), and the ohrnic contact anneal likewise has little

effect on mobility. Figure 5showsthat the choice of gate material also has little effect.

Figures 6and7showsimilar results for samplesoxidized at Purdue. Suffixes (a) and (b)

denote these samplesbefore (b) andafter (a) a 770Cohrnic contact anneal. Themobilities

are slightly higher for the Purduesamplesas comparedto the Auburnsamples, duepossibly
to slight differences in oxidation procedure. Since these are field-effect mobilities (as

comparedto effective mobilities), the drain current is proportional to the integral of uFEwith
respect to gate voltage. Asshownin Fig. 8, samplesWandXcarry slightly higher drain
current than Band F, even though at gate voltages of 20 Vthe mobilities are comparable.

Details of the oxidatron andanneal procedures will be reported at the conference. Mobility
measurementsare performed by anew"constant current" technique that eliminates the effect

of source anddramresrstances. This technique will also be described at the conference.

This work is supported by ONRMURIgrant NOO014-95-1-1302(Purdue) and by DARPA/EPRl
grant MDA972-98-1-0007/W08069-05(Auburn and Vanderbilt).

[l] G. Chung, et al., IEEEElectron Device Lett.
,
22 176 (2001).
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4H-SiCmetal-oxide-semiconductor field effect transistor (MOSFET)is apromising candidate

for a high-power switching device. Themost important problem for this device is to improve the

channel mobility in the inversion layer. The•reported chamelmobility until nowis extremely lower
than the bulk electron mobility [I,

2]. It is generally believed that high density of interface traps at the

Si02/4H-SiC interface degradesthe channel mobility [3, 4]. Onepossible solution for the improvement
of the chaunel mobility is to utilize the buried chaunel structure. In this structure, moreelectrons can
flow awayfrom the MOSinterface. Threfore, the channel mobility maybe significantly improved in

4H-SiCMOSFET.In this study, wehave fabricated the buried channel MOSFETSon 4H-SiC.
Oxidation conditions for the gate oxide and the doping depth of the buried channel region were
optirnized. Thechannel mobility of 140cm2/Vswasachieved in the normally-off 4H-SiCMOSFET.

Theburied channel MOSFETSWerefabricated on the p-type 4H-SiC(OOO1)wafer with an
effective doping concentration (NA-ND)ofapproximately 5xl015 cm~3. Figure I showsstructural

cross section of the MOSFET.Thechannel length andwidth were IOOand150um, respectively. The
buried channel region wasformed by nitrogen ion implantation at roomtemperature and following
activation aunealing at 1500~C. Thenitrogen concentration wasIx IO] 7cm~3, and the depth of the

buried channel region (D,,h) after the gate oxidation were O. 15,
0.20, 0.25 um. Thegate oxide was

grownby dry or wet oxidation at 1200"C and following Ar anuealing at the oxidation temperature.

Somesampleswere then subjected to a wet re-oxidation at 950 'C for 3hours. Aluminumwas
deposited as the gate and the source/drain contacts.

Figure 2showsfield effect mobility (uFE) as a function of gate voltage for the buried channel

MOSFETSWith the gate oxide processedby different condition. Drain voltage for this measurement
wasO. I V. Thepeakvalues are muchhigher than those in the inversion-type 4H-SiCMOSFET[5],

indicating that the channel mobility is significantly improve.dby the buried channel structure. Threshold
voltage (V,h) wasextraced from IDl"2_VG Plot at VD=IOV. Wet, dry/wet andweUwetoxidation samples
havepositive V,h due to the norrnally-off operation. Thehighest uFEin the normally-off MOSFETis

140 cm2/Vs for the gate oxide prepared by the dry/wet oxidation. Figure 3showsthe uFEas a
function of gate voltage andD,,h. Thegate oxide wasformed by the dry/wet oxidation. Thepeak
values for the D,~ of O.15, 0.20, and0.25 umare 45, 140, al~d 230cm2/Vs, respectively. The~h for the

D,h ofO. 15and0.20 prn are positive values. Theseresults reveal that the optimurn D,h for the normally-

offburied channel MOSFETis 0.2 umwhenthe doping concentration is lxl017 cm~3.Thechumel
mobility of 140 cm2/Vsis the highest reported so far for nonnally-off4H-SiC MOSFETSWith a
thermally growngate oxide.
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In a buried-channel SiC MOSFET,it is indispensable to perform channel engineering by
simulation in order to set threshold voltage at an appropriate value and to avoid the mobility
fall near a SiC/oxide interface. In the simulation of MOSFET,it is important to set the proper
mobility model at a semiconductor/oxide interface. However, the mobility model of a
SiC/oxide interface has not beenproposed until now. In this study, wemodeledthe mobility
in the vicinity of the SiC/oxide interface, for the first time, from the experimental results of a
surface channel SiC MOSFETanda buried-channel SiC MOSFET.

Figure I showsthe field effect mobility of a surface channel SiC MOSFET.It should be
noted that the electric field dependenceof mobility is very small. Thus, weassumedthat the

inversion layer mobility is aconstant of 25cm2Ns[IJ,
and the degradation of mobility due to

interface decays exponentially as the distance from the interface increases. Figure 2showsthe

comparisonof an experimental result and a simulation result with this mobility model. In this

mobility model, the characteristic length (1,rit) of the mobility degradation due to interface is

another important parameter. From the experimental results of a buried-channel SiC
MOSFET,we try to calibrate l*ut, because the simulation results of a surface channel SiC
MOSFETare almost independent of l,rit' Figure 3showsthe comparison of an experimental
result of a buried-channel SiC MOSFETand a simulation result with the optimized l,rit, of
30nm[2]

.

With this SiC/oxide interface mobility model, we performed channel engineering of a
buned-channel SiC MOSFET.Figure 4showsan exampleof an optimized newstructure. Ap
layer is stacked between oxide and buried channel. Figure 5 shows the comparison of a
simulation result of a p layer-stacked buried-channel MOSFETwith that of a conventional
buried-channel MOSFET.It can be seen that ~ remarkable increase of drain current is

obtamedin aplayer-stacked buried-channel MOSFET
This work was performed under the managementof FEDas a part of the MITI NSS

Program(Ultra-Low Loss PowerDevice Technology Project) supported by NEDO.
[IJS. Suzuki et al., submitted to Applied. Physics Letters

[2] S.
Haradaet al., to be published in IEEEElectron Device Letters
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Theselection of s'urface oricntation is important for fabrication of MOSFETSon 4H-SiC,

since a higher inversion channel mobility has been obtained on t,he (112O) face cornpared

to the (OOO1)f'ace[1]. In general, Si MOSFETSare fabricated on the (OO1) face, because
the lowest density of int,erface st,atcs is obtained on the (OO1) face. The (OOO1)and (112O)

faces of 4H-SiC (hcxagonal crystal structure) correspond t,o the (111) and (110) f'aces of

Si (cubic structurc), respectively. Thc surface orientation which cor'responds to the (OO1)

face for the cubic structure is the (0338) face of 4H-SiC. 4H-SiC(O338) is the face tilted by
54.7' toward (O110) frorn 4H-SiC(OOO1)as illust,rated in Fig.1. In t,his paper, the interface

characterizat,ion of MOScapacitors and the MOSFETperforrnance on 4H-SiC(0338) .are

reported for the first time.

4H-SiC(O338) substratcs were prepared by slicing ingots gl-own by a rnodificd-Lely

rnethod on (OOOI) at. SiXONLtd. with an angle of 54.7' toward the (()11O) direc.t,ion.

For' ccnnpar'ison, 4H-SiC(OOO1)subst,r wcre also oxamined. N-t,ypc and p-t,ypc epilay-

ers wcr'c grownby CVDfbr f'abric'.'ation of' n-MOSc'ap'acit,ors,' 'and in\'crsion-typc n-ch•anncl

MOSFETS,r'espectivcly (n-epi; Nd=3.1xlO17crn~3 for (U338), 8.9x 1O16cm~3for (C)()O1),

p-epi; N*=9.6x 1015crn~3 for (O338), 1.1 x IC)16cm~3 for (OOO1)). After RCAclcaning, \vet,

oxidation w.as carried out at 115O'C to grow a therrnal oxide followGd by in-situ Ar an-
nealing at 1150'C for' 3Omin. Theoxidation tirne and resulting thickness were 25min and
70nmfor (0338), .and 120rnin and 50nrn for (OOO1), respect,ively. The oxidation ratc on
(0338) was 6-7 tirnes higller than that, on (OOO1). The gat,e rnetal wasAl for both MOS
capacitors .and MOSFETS.The gat,e length (L) and width (W) of MOSFETSWereorO

and 20Ortrn, rcspect,ivcly.

Figure 2showsthe dist,ribution of interface st,ate dcnsit,y (Djt )in n-t,ype MOScapacitors

est,hnated by 'a, conductanCGrnethod rncasured at, roorn t,emper'at,ure. Thougll Djt on
(O3~8) is larger than on (OOOI)at relatively dcGpencr'gy (Ec -E > C).4eV)

. MOScap'acit,ors

on (O338) indicat,G 3-5 times srnaller Djt at shallow energy (Ec ~ E = ().1-O.2eV) t,han

on (OOO1). In higll-frequcncy C-V mcasuremcnt,s, when t,hc mcasurcmcnttempcrat,urc

was cooled downfrom 3O() t,o 10OK, 'an increase of flatband voltage shift, and hystcrcsis

was srnall for MOScapacitor's on (O338) whilc t,hrLt, was large on (OO()1). This rcsult, also

rcvO_.alcd s.'Inaller Djl near t,hc conduct,ion bandcdgc on t,hc (O338) f'acc.

All MOSFETS~howedclearly tllG Iincar rcgion and the sat,uration region. Thc drain

current, (ID )- gatc voltage (V(~) charac.tcrist,ics in t,he linear rcgion (drain volt,agc (VI))

= O.1V) arc shownin Fig.3, in which ID Is,' norrnalizod by t,he oxidc c'apacit,ancc (C t,o

cornparc MOSFETSWith different oxidc thicknes.'s graphically. The highcr drain currcnt,

and stceper slopc on (0338) in Fig.3 suggest, t,hat a highGr channel rnobility was' obtained
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by using t,hc (O338) facc inst,ead of (OOO1)f'ace in 4H-SiC. The threshold \'olt,ages clet,er-

mined froln the onset of drain current, in Fig.3 arc also clcarly different for both faces. A
lower threshold voltage (- 5V) was_observcd for MOSFETSon (0338) cornpared to MOS-
FETSOn (OOO1)(- 9V). Effective mobilities calculated from the slope of ID-VG Curves in

Fig.3 are plotted in Fig.4 as a function of the thres. hold volt,age for corresponding MOS-
FETs. Themaximumlo\v-field mobility was9-9-crn2/Vs for (0338) and 5cm2/Vsfor (OOO1)

sarnples. The irnprovernent in channel rnobility by a factor of 3-5 wa,s achieved by using
t,he (()338) face in 4H-SiC. The t,emperat,urc dependenceof MOSFETperfonnance and
comparison of' MOSFETSOn(112(_)) will bGpresented at the conference.

Referencc
[1] H.Yano (~t al, IEEEElectron De.vice Lctt., 20, p.3120 (1999).
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A silicon carbide chemical gas sensor has been under development in a co-operative effort

betweenS-SENCEand ACREO[1-6]. The sensor is basedon a field-effect transistor (FET),
which wasdesigned and processed by ACREO[1]. Themetal insulator silicon carbide field

effect transistor. MISiCFET,functions as a gas sensor by the application of catalytic gate
metals, Pt, lr. The device design is shownin Fig. I .

The source and gate of the device are
connected to create a convenient two terminal sensor device. Avoltage applied between the

source and drain contacts causes a current to flow between these contacts through the buried
channel region. The catalytic metal is placed over the channel region. Gasmolecules in the

atmosphere, which react with the gate metal will charge the gate region of the device and
hence cause the concentration of mobile carriers in the channel to change. This in turn will

shift the IV characteristics in a similar wayto that shownin Fig 2. In order to promote high-

temperature stability, the source, drain and channel region are buried. This moves the

conducting path in the device awayfrom the surface of the SiC, thus reducing the influence
of surface effects. Batch numberthree of the devices has been completed and successfully

tested in several applications at temperatures up to 600'C. The devices show excellent
stability. Further testing of their performance limits is under way.

Wehave identified several applications in car exhausts where the excellent properties of SiC
are a prerequisite. A cold start sensor needs to tolerate temperatures from -20'C to 1000'C
and should even tolerate water splashes at its operation temperature (around 600'C).
Promising results have been obtained to date. During Selective Catalytic Reduction of diesel

exhausts, NO îs reduced by NH3mthe catalytic converter. An ammoniasensor for control

of ammoniainjection should not be contaminated by particulates and should showvery low
cross sensitivity to NO*. The MISiC sensor operated at 300'C has demonstrated very
promising results.
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In flue gases a sensor array is needed to identify different modesof the combustion in a
boiler. It is intended that a prototype version of a sensor system will be constructed,

including software for control of the combustion process.

At the conference, typical results from the different applications will be shown.
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.
Cross-section of silicon carbide Fig. 2. Current voltage, rv, characteristics of

FET(MISiCFET)sensor with a buried a MISiCsensor. Thevoltage at a constant

gate design [1], current is the sensor signal, which shifts in

different gas ambients.
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Silicon carbide is a well-known material for the fabrication of devices working in harsh
environment. In this work weshowthat this material is also a good candidate to produce
magnetic sensors working at high temperature [1]

The electrical properties of n-type, nitrogen-doped, 4H-SiC samples are well-known [2]

Recently weinvestigated a series of samples grownby AP-CVD,with camerconcentratron
ranging from 3.5xl015 cm~3 to 7.5xl017 cm~3. A model was developed, which gives a
complete description of the eiectron density and mobility as a function of temperature in the

range 30Kto 900Kand doping concentration 1014cm~3to 1018 cm~3.

In the framework of this model, wecould determine the doping conditions in which (starting

from roomtemperature) the material is working in the exhaustion regime. Tobe fulfilled, the

doping level has to be lower than 5xl015 cm~3. This is shownin Fig. 1.
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Figure 1: Hal/ electron densty versus donor density.
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As prototype sensor, we have used a sample with 2.4 umthick active layer doped at a
concentration of 3.5xl015 cm~3. Themagnetic field sensitivity KH=1/(N*xe), in which N* is the

sheet carrier density, is KH0=930 V/A/T at roomtemperature. Thetemperature sensitivity ST
is only +75ppm/Kbetween300Kand 550Kand -500 ppm/Kbetween550Kand 800K (see
Fig. 2). Suchsmall values present agreat advantage since no compensating circuit for thermal
drifi is needed for high temperature applications. They comparewell with the one (-140
ppm/K) achieved in the case of metrology-type magnetic sensors based on lll-V
heterostructures between230 and 380K. Suchstable structures with a GaAIAs/GalnAs/GaAs
stacking are actually used for electrical metering applications[3]-
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Whenadditional temperature knowledgeis required, abridge shapegeometycan be used and,

in this case, the input resistance of the device acts as a temperature sensor. In Fig. 3, weshow
the temperature dependenceof the sheet resistance. The temperature sensitivity is equal to

+3400ppm/Kbetween500Kand 800K
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Thethermal sensitivi(y of the s'heet resistance is +3400ppln/A' behveen500- 850K.

Thesolid line is a linearfit in this temperature range.

As a result, using a well-suited geometry, wehave found that the samecomponentcan be
used for magnetic field and temperature measurements. Such monolithic structure avoids

systematic errors introduced by temperature gradients inevitable whenusing two separated

sensors.
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High Temperatureperformance of 10 KiIOVOlts, 200Amperes(Pulsed)
4H-SiC PiN RectifierS
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SiC is a superior material system for the fabrication of ultra high voltage devices since it is

capable of sustaining a very high power density, which can be switched at an extremely high

speed, while operating at very high temperatures. Suchdiodes would be suitable for solid state

power conditioning systems for high power radar, directed energy weapons, X-ray generators,

electrostatic precipitators and high powerLASERS.This paper reports the highest power single

chip 4H-SiCPiN rectifier demonstrated to date, with a2MegaWatt(Pulsed) capability.

These diodes had an active metallized Anodearea of approximately 0.09 cm2(3mmX
3mm).Ahigh purity, 150 umn~ epitaxial layer dopedat 7E14cm~3wasused in the fabrication of

these rectifiers. This voltage-blocking layer was grown using a refmed hot wall CVDgrowth

reactor yielding low epi defect densities. The highly doped, I .8 ump+ Anodewas grown
epitaxially in order to obtain good carrier injection during on-state operation. To prevent

premature breakdown, the voltage blocking layer wasexposed using reactive ion etching, and a
400 umwide, optimized Junction Termination Extension (JTE) was implemented using a p-type

implant at the periphery of the device edge. The SiC surface at the edges were then passivated

using a thick Si02 Iayer. This termination allowed a 10 kV blocking capability with a leakage

current of only 20 uAfor these 3mmX3mmdiodes. Measurementsconducted up to 200"Cand 3
kVshowpractically no change in the leakage current using our measurementsystem with a 3uA
sensitivity. Measurementsat higher voltages will be presented at the conference.

The forward characteristics were found to be fairly uniform on rectifiers fabricated

throughout the wafer, with most rectifiers turning on close to the built-in voltage (2.9 to 3V) of

4H-SiC. Thereafter, these rectifiers have a muchsteeper I-V slope as comparedto Si diodes. At

roomtemperature, pulsed measurementsusing a high powercurve tracer showsthat the forward

voltage drop was 4.5 V at 100 A/cm2 (10 A); 7.07 V at 500 A/cm2 (45 A); and only 12.5 V at

2200 A/cm2 (200 A). On-state measurementsconducted in the room temperature to 200"C

temperature range (in 50'C intervals) showa slight reduction in on-state voltage drop from 7.2 V
to 6.9 Vat 50 Aon this packageddevice.

These rectifiers show fairly stable reverse recovery switching characteristics as the

operating temperature wasincreased from 25'C to 200~C.A forward current of 20 A(220 A/cm2)

wasswitched at a reverse dl/dt of 120 A/usec with an applied reverse voltage of 100 V. At room
temperature, the peak reverse recovery current of only 8.7 Awasobserved and the device turned

off completely within 600 nsec. This complete turn-off time increases to I usec at 200'C under
similar test conditions. Thepeak reverse recovery increases amodest72"/* to 15Abetweenroom
temperature and 200"C.

Wafer mapsshowing the distribution of on-state voltage drop and blocking voltage show
fairly goodyields whena criteria of >7 kV, 4.5 V (100 A/cm2) is used. Thesedata and the details

of high temperature measurementswill be presented at the conference.

This work is supported in part by wright Labs under DUS&TTechnology Investment Agreementnumber

F33615-01-2-2 108, monitored by Jim Scofield.
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